In several filarial genera the first stage larvae (microfilariae) are enclosed by an eggshell-derived sheath that provides a major interface between the parasite and the host immune system. Analysis of the polypeptide constituents of the microfilarial sheath from the cotton rat filaria Litomosoides sigmodontis identified two abundant surface glycoproteins - 
INTRODUCTION
The parasitic nematodes Brugia malayi, B. timori and Wuchereria bancrofti are the causative agents of human lymphatic filariasis, a disease which afflicts an estimated 128 Mio.
people throughout the tropics (1) , and in its final form results in severe obstructive alterations (elephantiasis). The adult lymphatic-dwelling parasites survive for years and the viviparous females release large amounts of first stage larvae, microfilariae, into the blood stream.
Completion of the filarial life cycle involves the uptake of the microfilariae by mosquitos, development to third stage larvae and transmission back to the vertebrate host. The microfilariae are completely surrounded by a bag-like, antibodies-impermeable structure, the microfilarial sheath, which derives from the embryonic eggshell, but is altered by maternal components secreted by the uterus epithelium (2) . Parasitaemic hosts develop a parasite stage specific immunological tolerance and fail to mount an antibody response to the microfilarial sheath surface proteins (3, 4) . Therefore it was of considerable interest to identify and characterize sheath surface components. The cotton-rat filaria Litomosoides sigmodontis represents a suitable model organism for the lymphatics dwelling filarial parasites due to in principle a corresponding structure and genesis of the sheath (5) . Previous studies with this parasite had identified two sheath proteins, Ls-Shp3a and Ls-Shp3 (40 kDa and 120 kDa on SDS-PAGE) which appeared to represent the major sheath surface components of L. sigmodontis (6) . As a particular property they turned out to be highly modified by 6 Analysis of Monosaccharides from Ls-Shp3a-Purified Ls-Shp3a (3 µg), untreated or treated with 48 % HF, were subjected to hydrolysis with 4M trifluoroacetic acid for 2 h in a sealed glass tube, followed by reduction with sodium borohydride. The released monosaccharides were acetylated in acetic anhydride, containing 10% pyridine (v/v), over night at room temperature. After evaporation of excess reagent in a continuous nitrogen stream the resulting alditol acetates were separated by gas chromatography (Varian model 3700).
Cloning and Sequencing of shp3a and shp3 Genes from Litomosoides sigmodontis
and Brugia spp.-Genomic libraries from B. malayi, B. pahangi and L. sigmodontis were constructed in λEMBL3 as described earlier (10) . A degenerate anchor oligonucleotide (#SH3-1: 5'-aatatctagactagtGTBTAYCCBAAGTGYAC) based on a previously isolated proteolytic fragment of Ls-Shp3a (Ch3a1: vYPKCT, (15) ; residues 94-99 in the final sequence Fig. 1 ) together with an anchor oligo-(dT) 21 primer were used in RT-PCR amplification of the 3' cDNA fragment of Ls-shp3a. A single prominent amplification product of 0.4 kb was cloned and sequenced. The 5' cDNA segment of mature Ls-shp3a mRNA was amplified using a primer representing the first 18 nt of the 22 nt trans-splice leader sequence (tatctcgaGGTTTAATTACCCAAGTT) and an oligonucleotide complementary to the 3' untranslated region already determined (#SH3-3: 5'-TTATAGAAGGAGAAGCTTAGCAG-3'). To obtain the Ls-shp3a and Ls-shp3 genes the genomic L. sigmodontis library was screened with the radioactive labelled Ls-shp3a 3' cDNA fragment. DNA from positive phages was analysed by restriction enzyme fragmentation and Southern blot hybridization using the same screening probe. Hybridizing fragments were cloned into conventional plasmid sequencing vectors. This analysis together with genomic Southern blot hybridization 7 experiments revealed that the shp3a and shp3 genes are closely linked. One phage clone comprising both genes was identified by differential screening with a ScaI-BstNI fragment from the 5' coding region of Ls-shp3a and a BstNI-HindIII fragment from the 3' coding region. The genomic region extending across both genes was completely sequenced.
Screening of the B. malayi and B. pahangi genomic libraries for homologous genes was performed using as a probe the 1.7 kb HindIII fragment covering the complete coding region of the Ls-shp3 gene. This fragment previously was shown to cross-hybridize to B. malayi DNA in Southern blot experiments. Alignment of the three shp3 genes and the Lsshp3a gene identified two almost identically conserved sequences, one in the putative core promoter plus flanking sequences, the second was a sequence coding for a tryptophan-rich motif located in the C-terminus of Shp3. In search for the homologous shp3a genes of Brugia we performed PCR with B. malayi DNA using oligonucleotides corresponding to the conserved promoter sequence (#SH3-31: 5'-CCGCTTTCCYGAAGCTTTGGATGAG-3') and Trp-rich motif (#SH3-18: 5'-ACCAACACCACCAGTACCACC-3'). Two fragments of 1.2 kb and 1.5 kb resulted and upon sequence analysis the 1.5 kb DNA fragment could be assigned to the Bm-shp3 gene, while the 1.2 kb DNA fragment corresponds to the Bm-shp3a gene. Characterization of further B. malayi genomic clones by restriction patterns and hybridization led to the identification of a genomic B. malayi clone covering both genes together, shp3a and shp3, on the inserted fragment. The region spanning both genes was subcloned and completely sequenced. The B. pahangi shp3a gene and 5' end of the shp3 gene were amplified by PCR from genomic DNA and cDNA using primers derived from the B. malayi sequences.
Southern and Northern Blot Analysis-Isolation of genomic DNA or total RNA and hybridization conditions were performed using standard protocols as described previously by guest on November 17, 2017 http://www.jbc.org/ Downloaded from (10 according to the manufacturer's protocol using a random mixture of hexanucleotides as a primer. The first strand cDNA was extended by homopolymer tailing with terminal deoxynucleotidyl transferase (Gibco BRL) in the presence of 0.2 mM dGTP, 20 min at 37°C.
Excess oligonucleotides were removed using an UCF3-NMWL-1000 ultrafiltration unit (Millipore), followed by five washings with 1 ml 10 mM Tris-HCl, 1 mM EDTA, pH 7.5. For determination of the 5' ends of Ls-shp3 and Ls-shp3a pre-mRNAs, three-step nested PCR reactions were performed. In the first round three PCR cycles with an anchor oligo(dC) 12 (#C2: 5'-GAAGATCTGATCAGGATC 12 -3') at 46°C annealing temperature were done followed by the addition of a first specific anti-sense oligonucleotide (#SH3-8: 5'-ATGCGCGAGGCTGTAGTG-3', complementary to the intron/exon2 boundary) and another thirty-seven cycles at 56°C. The first PCR product was diluted by 1:1000 and a second PCR was performed, again employing the anchor oligo(dC) 12 as the 5' primer, but adding a second anti-sense 3' primer which hybridizes to the cDNA sequence upstream of the trans-splice acceptor site (#SH3-9: 5'-GACGCAAAGTTCTGCTCCCACTTG-3', see 
RESULTS

Cloning of cDNAs and Genes of the Litomosoides sigmodontis Microfilarial Sheath
Surface Proteins Ls-Shp3a and Ls-Shp3-Previous biochemical analyses of the two purified sheath surface proteins Ls-Shp3a and Ls-Shp3 had shown almost identical peptide sequences and similar amino acid compositions despite their differences in apparent molecular weights -40 kDa and 120 kDa on SDS-gels (15) . The Ls-shp3a cDNA was isolated by RT-PCR amplification using a degenerate oligonucleotide corresponding to an internal peptide as to the putative TATA box. We suggest that the 5' end of this longest RACE-clone determines the putative transcription initiation site for the shp3 and shp3a transcripts, respectively.
Further support comes from the coincidence of that 5' terminal adenosine with the adenosine of a CA-dinucleotide present in the two species and often found conserved as Cap signal at positions -1/+1 in the initiator element of several eukaryotic promoters (21) . In addition, the shp3 TATA box is located 27 nt upstream of predicted position +1, which is in good agreement with promoter region organization in general.
Shp3a and shp3 are Transcribed and Expressed in a Regionally Specific Manner in the Uterus of Mature Female Worms-To determine the expression pattern and localization
of shp3 and shp3a transcripts, we performed Northern blot analyses with RNA isolated from females, males and microfilariae, RT-PCR analyses using RNA of defined female L. sigmodontis segments and IFAT analyses on intrauterine embryonic stages using antibodies reacting with the DMAE-containing modifications.
The Northern blot was first hybridized with a DNA fragment encoding the repetitive Ser/Thr-rich sequence specific for shp3 (Fig. 5A ) and subsequently with the 3'-sequence essentially identical between shp3 and shp3a (Fig. 5B) . The shp3 and shp3a transcripts were only detected in female RNA, observed in sizes of 1.65 kb and 0.85 kb, corresponding to predicted sizes of 1431 nt and 735 nt for the two RNA transcripts plus poly(A) tail segments.
As expected from the sequence the 3'-specific probe identified both shp3 and shp3a transcripts. A signal of about 3.1 kb, visible only in the male RNA lane and only after hybridization with the shp3 probe most likely represents a male specific transcript crosshybridizing due to the repetitive sequence in the probe coding for the Ser/Thr-rich region in Shp3. To verify equal loading the blot was hybridized with a sequence encoding a constitutively expressed RNA binding protein (Fig. 5C ). In B. malayi the female specific transcription was similary demonstrated for the shp3a gene (Fig. 5D) . A single signal of 0.87 kb corresponds to the size of 658 nt as predicted for the Bm-shp3a transcript without poly(A).
To localize the transcripts of Ls-shp3a in the adult female worm, we analyzed defined segments by RT-PCR. The female reproductive system is composed of paired genital tracts that run the length of the worm and combine in a single vagina approximately 1.5 mm before the anterior end. They consist of ovaries, oviducts, seminal receptacles and uteri. Segments of the worm from the posterior to the anterior end represent the succession of the different developmental stages: oocytes attached to the rachis of the ovary, fertilized eggs, multicellular stages, invaginated stages, pretzel-and ring-stages and elongated sheathed microfilariae. Amplification of shp3a cDNAs was detected exclusively in the anterior worm segments with the distal uterus part containing stretched microfilariae (Fig. 6B) . As a control we amplified shp1 cDNA, which was previously shown to be detectable in developmental stages from oocytes to coiled embryos but not in mature stretched microfilariae (22) .
Previous studies have shown that the two microfilarial sheath surface proteins and an excretory/secretory protein of juvenile females (Juv-p120) are cross-reactive proteins (6).
Recent molecular characterization of Juv-p120 presented evidence that the cross-reactivity is due to their common posttranslational DMAE-containing modification 3 . IFAT-analysis of intrauterine embryonal stages using antibodies that react with the DMAE-containing modification detected only the sheath surface of stretched microfilariae (Fig. 6A) .
The Post-Translational Modification Dimethylaminoethanol (DMAE) is Linked to the
Ls-Shp3a Polypeptide Chain via Phosphodiester-The molecular mass of mature Ls-Shp3a
amounts to almost 45 kDa as determined by MALDI-TOF-MS ( An initial analysis for monosaccharides in hydrolyzed Shp3a exhibited galactose and N-acetylgalactosamine (Fig. 8) . Galactose was only detected after dephosphorylation of Shp3a before hydrolysis. We supposed that phosphorylated monosaccharides remained undetected in standard hydrolysis methods which do not cleave phoshpoester bonds. The molar ratio of Gal/GalNAc (5:1) in Shp3a may not represent an acurate ratio, because the limited amounts of available protein were not sufficient for repeated quantifications by GC/MS and FMOC amino acid analysis.
DISCUSSION
The first stage larvae of several filarial generae -the so-called microfilariae -is completely surrounded by an egg-shell derived sheath. This microfilarial sheath is impermeable for antibodies (2, 25) and its surface remains unrecognized in infections with circulating microfilariae in the blood (26, 27) . Thus, it seems to play an important role in the immune evasion strategy of the larvae which at least temporarily guarantees their survival in the host. In our previous studies we identified and isolated two abundant sheath surface proteins of the Litomosoides sigmodontis microfilarial sheath (40 and 120 kDa), determined their amino acid compositions and obtained partial polypeptide sequences from proteolytic fragments (3, 6, 15) . This sequence information was now used to amplify the corresponding cDNAs followed by the isolation of both Litomosoides genes -Ls-shp3a and Ls-shp3 -and the orthologous genes from the lymphatic filariae Brugia malayi and B. pahangi.
In both generae -Brugia and Litomosoides -the shp3a and shp3 genes are arranged in tandem. They share a characteristic protein domain structure, the exon/intron organization and an almost identical core promoter region.The similarities and the close linkage between shp3a and shp3 suggest that they evolved through a duplication event from a common ancestor. It was surprising to find an identity of more than 80% within 200 bp of the core promoter regions between the shp3a and shp3 orthologues, because inter-species alignment of the putative promoter sequences of previously characterized sheath protein genes shp1 and shp2 did not reveal any extended regions of homology (9, Hence the DMAE-phosphate modifications provide the surface of the microfilarial sheath with negative charges and corroborate earlier histochemical/immunochemical studies indicating substantial carbohydrate components and a highly polyanionic surface (28, 29, 30, 31) . As discussed below these modifications may play a crucial role in the survival strategy of the larvae in the infected host.
The remaining short C-terminal and largely hydrophobic sequence of these proteins contains high levels of aromatic amino acids, in particular tryptophan, and two to four cysteine residues. Most remarkable is a tryptophan-rich motif in that region with consensus W(C/Y)WWCWWX 6 CX 4 WS, which is the only entirely conserved sequence among all Shp3a and Shp3 polypeptides in Brugia and Litomosoides. This domain most likely anchors Shp3a and Shp3 to the sheath matrix which mainly constitutes of covalently cross-linked Shp2 molecules (15, 17) . A potential candidate protein involved in cross-linking of Shp3a/Shp3 proteins via disulfide bridges is the previously identified matrix protein Shp1
(synonym Mf22 in B. pahangi, gp22 in L. sigmodontis) which bears two cysteine-rich clusters (8, 9) . In addition to disulfide bridges we speculate that the tryptophan-rich peptide in Shp3a
and Shp3 makes hydrophobic contacts to the extended proline-rich regions of Shp2 (10) . A more specific function may be seen in connection with Juv-p120, a protein which is released in relatively large amounts by juvenile females and circulates in the blood during prepatency (6) 4 . This protein similarly bears a region of N-terminal serine/threonine-rich repeat elements 3 , different in sequence from Shp3/Shp3a but also highly modified with DMAE-phosphate substituted O-glycans (39) . Neither Shp3 and Shp3a nor Juv-p120 are recognized by antibodies in infected animals (3). These findings raise the question whether a relation exists between the occurrence of the preadult protein Juv-p120 and the persistence of microfilariae in circulation in a way that Juv-p120 generates a specific immune tolerance with respect to the microfilarial sheath surface antigens. These questions are currently under study. 
FOOTNOTES
